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SWITCHED MULTI-CELL BATTERY
SYSTEM

RELATED APPLICATION(S)

This application 1s a national stage entry of International
Application No. PCT/US2019/066330, filed Dec. 13, 2019,
which claims the benefit of U.S. Provisional Application No.

62/905,650, filed Sep. 25, 2019, the disclosures which are
incorporated herein by reference 1n their entirety.

Background

Mobile electronic devices are frequently powered by at
least one rechargeable battery when the device 1s not
plugged mto a power source. When the electronic device 1s
plugged 1nto the power source, the battery can be charged.
To do so, electric power flows from the power source
through a power adapter that supplies power to a charging
circuit of the electronic device. Through an electric power
conversion process, the power adapter converts electric
energy from one form to another, for example converting
between alternating current (AC) and direct current (DC),
changing the voltage, changing the frequency, or combina-
tions of these. The charging circuit supplies energy to the
battery, which, over time, charges the battery. An amount of
time needed to recharge the electronic device’s battery,
however, can be undesirably long. Alternately, 1f the battery
1s quick to charge (e.g., a small battery) but does not hold
suilicient power, the operating time of the electronic device
on a single battery charge can be short. Therefore, as users
typically desire short charging times and long operating
times, conventional battery systems often fail to meet these
objectives.

In some cases, conventional battery systems are unable to
quickly charge or maintain sutlicient power to support long
operating times due to energy loss during electric power
conversion (e.g., voltage conversion), which 1s often mani-
fested as thermal energy (heat). For example, voltage con-
version 1s present at various stages of power conversion and
use, such as at the power adapter, rechargeable battery, and
power supplies for components of the electronic device.
Accordingly, this inefliciency or energy loss at each stage of
power conversion, such as from the power adapter to the
rechargeable battery or from the rechargeable battery to the
components of the electronic device, may increase battery
charge time or decrease device operating time, resulting 1n
user frustration or an impaired user experience.

SUMMARY

This disclosure describes apparatuses and techniques for
a switched multi-cell battery system for electronic devices.
In some aspects, a switched multi-cell battery system may
transter, via a plurality of power control switches, electrical
power from a power adapter to components of an electronic
device by charging battery cells 1n series and by discharging
the battery cells 1n parallel or as a single battery cell. As a
result, the switched multi-cell battery system may reduce or
climinate a voltage step-down conversion stage to increase
a power-transier efliciency of the electronic device. By
doing so, charging times may be reduced and/or operating
times on one battery charge may be increased.

In some aspects, a switched multi-cell battery system for
an electronic device comprises an input voltage node, an
output voltage node, a ground node, and a plurality of
rechargeable battery cells comprising at least a first
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2

rechargeable battery cell with a positive terminal and a
negative terminal and a second rechargeable battery cell
with a positive terminal and a negative terminal. The
switched multi-cell battery system also includes a plurality
of power control switches comprising a first power control
switch having a gate terminal, a first channel terminal
coupled to the mput voltage node, and a second channel
terminal coupled to the positive terminal of the first
rechargeable battery cell and a second power control switch
having a gate terminal, a first channel terminal coupled to
the second channel terminal of the first power control
switch, and a second channel terminal coupled to the output
voltage node. The plurality of power control switches also
includes a third power control switch having a gate terminal,
a first channel terminal coupled to the second channel
terminal of the second power control switch, and a second
channel terminal and a fourth power control switch having
a gate terminal, a first channel terminal coupled to the
second channel terminal of the third power control switch,
and a second channel terminal coupled to the ground node.
A fifth power control switch of the plurality of power control
switches has a gate terminal, a first channel terminal coupled
to the mput voltage node, and a second channel terminal
coupled to the positive terminal of the second rechargeable
battery cell. A sixth power control switch of the plurality of
power control switches has a gate terminal, a first channel
terminal coupled to the second channel terminal of the fifth
power control switch, and a second channel terminal
coupled to the output voltage node. The plurality of power
control switches also includes a seventh power control
switch having a gate terminal, a first channel terminal
coupled to the second channel terminal of the sixth power
control switch, and a second channel terminal and an eighth
power control switch having a gate terminal, a first channel
terminal coupled to the second channel terminal of the
seventh power control switch, and a second channel terminal
coupled to the ground node.

In other aspects, a switched multi-cell battery system for
an electronic device comprises an input voltage node, an
output voltage node, a ground node, and a plurality of
rechargeable battery cells comprising at least a first
rechargeable battery cell with a positive terminal and a
negative terminal and a second rechargeable battery cell
with a positive terminal and a negative terminal. The
switched multi-cell battery system also includes a plurality
of power control switches comprising a first power control
switch having a gate terminal, a first channel terminal
coupled to the mput voltage node, and a second channel
terminal coupled to the positive terminal of the first
rechargeable battery cell and a second power control switch
having a gate terminal, a first channel terminal coupled to
the second channel terminal of the first power control
switch, and a second channel terminal coupled to the output
voltage node. The plurality of power control switches also
includes third and fourth power control switches coupled
between the second channel terminal of the second power
control switch and the ground node. A fifth power control
switch of the plurality of power control switches has a gate
terminal, a first channel terminal coupled to the input voltage
node, and a second channel terminal coupled to the positive
terminal of the second rechargeable battery cell. A sixth
power control switch of the plurality of power control
switches has a gate terminal, a first channel terminal coupled
to the second channel terminal of the fifth power control
switch, and a second channel terminal coupled to the output
voltage node. The plurality of power control switches also
includes seventh and eighth power control switches coupled
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between the second channel terminal of the sixth power
control switch and the ground node. The switched multi-cell

battery system also includes a power management integrated
controller configured to, during a first phase of a duty cycle,
control the plurality of power control switches effective to (1)
couple the first and second rechargeable battery cells 1n
series between the input voltage node and the ground node
and (11) couple the second rechargeable battery cell between
the output voltage node and the ground node. The power
management integrated controller 1s further configured to,
during a second phase of the duty cycle, control the plurality
of power control switches eflective to (1) couple the first and
second rechargeable battery cells 1n series between the input
voltage node and the ground node and (11) couple the first
rechargeable battery cell between the output voltage node
and the ground node.

In yet other aspects, a method for charging and discharg-
ing a switched multi-cell battery system comprises closing,
based on a first phase of a duty cycle, each of a first plurality
of power control switches to enable flow of current as part
ol establishing a first operating state. The method also
includes opening, based on the first phase of the duty cycle,
cach of a second plurality of power control switches to
disable flow of current as part of establishing the first
operating state 1n which electrical power from an external
power adapter charges a first rechargeable battery cell and a
second rechargeable battery cell that are connected, by at
least one of the first plurality of power control switches, 1n
series between an input voltage node and a ground node, and
a charge stored 1n the second battery rechargeable cell tlows,
through at least one of the first plurality of power control
switches, to components of an electronic device. Based on a
second phase of the duty cycle, the method closes each of the
second plurality of power control switches to enable tlow of
current as part of establishing a second operating state. The
method also 1includes opening, based on a second phase of
the duty cycle, each of the first plurality of power control
switches to disable flow of current as part of establishing the
second operating state 1n which electrical power from the
external power adapter charges the second rechargeable
battery cell and the first rechargeable battery cell that are
connected, by at least one of the second plurality of power
control switches, 1n series between the mput voltage node
and the ground node, and charge stored in the first recharge-
able battery cell flows, through at least one of the second
plurality of power control switches, to the components of the
clectronic device.

The details of one or more implementations of a switched
multi-cell battery system are set forth 1n the accompanying,
drawings and the following description. Other features and
advantages will be apparent from the description and draw-
ings, and from the claims. This summary 1s provided to
introduce subject matter that 1s further described in the
Detailed Description and Drawings. Accordingly, this sum-
mary should not be considered to describe essential features
nor used to limit the scope of the claimed subject matter.

BRIEF DESCRIPTION OF THE DRAWINGS

Apparatuses, methods, and techniques for a switched
multi-cell battery system for electronic devices are described
with reference to the following drawings. The same numbers
are used throughout the drawings to reference like features
and components:

FIG. 1 illustrates an example operating environment
including an electronic device with a switched multi-cell
battery system:;
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FIG. 2 illustrates a block diagram of an example envi-
ronment, 1llustrating a power adapter coupled to a switched

multi-cell battery system of an electronic device;

FIG. 3A illustrates a block diagram illustrating an
example switched multi-cell battery system that operates 1n
a first operating state and a second operating state;

FIG. 3B 1illustrates a block diagram illustrating the first
operating state of the switched multi-cell battery system of
FIG. 3A;

FIG. 3C illustrates a block diagram 1llustrating the second
operating state of the switched multi-cell battery system of
FIG. 3A;

FIG. 4A 1illustrates a block diagram illustrating a second
example switched multi-cell battery system that operates 1n
a first operating state and a second operating state;

FIG. 4B illustrates a block diagram illustrating the first
operating state of the switched multi-cell battery system of
FIG. 4A;

FIG. 4C 1llustrates a block diagram 1llustrating the second
operating state of the switched multi-cell battery system of
FIG. 4A;

FIG. SA illustrates a block diagram 1llustrating a balanced
switched multi-cell battery system that operates 1n a first
operating state and a second operating state;

FIG. 5B 1illustrates a block diagram illustrating the first
operating state of the balanced switched multi-cell battery
system ol FIG. SA;

FIG. 5C 1llustrates a block diagram 1llustrating the second
operating state of the balanced switched multi-cell battery
system ol FIG. SA;

FIG. 6 A illustrates a block diagram illustrating a regulated
power adapter coupled to the balanced switched multi-cell
battery system of FIG. 5A;

FIG. 6B 1illustrates a block diagram illustrating a legacy
power adapter coupled to the balanced switched multi-cell
battery system of FIG. 5A;

FIG. 7 illustrates a block diagram illustrating a third
example of a balanced switched multi-cell battery system,
including a battery management system:;

FIG. 8 illustrates an example method for managing a
switched multi-cell battery system; and

FIG. 9 illustrates an example method for utilizing the
battery management system of the balanced switched multi-
cell battery system.

DETAILED DESCRIPTION

Overview

This document describes apparatuses, methods, and tech-
niques for switched multi-cell battery systems for electronic
devices. Generally, a switched multi-cell battery system can
be utilized to power an electronic device when the electronic
device 1s not electrically connected to (e.g., plugged into) a
power source (e.g., an external or an alternating current
(AC) power supply). In various aspects, the switched multi-
cell battery system includes an input voltage node, an output
voltage node, a ground node, a plurality of power control
switches, and a plurality of rechargeable battery cells. The
rechargeable battery cells may include a first rechargeable
battery cell and a second rechargeable battery cell. A power
management integrated controller (PMIC) can be configured
to control the power control switches to selectively enable or
disable the tlow of current during a first phase and a second
phase of a duty cycle. For example, during the first phase of
the duty cycle, the PMIC enables and/or disables each of the
power control switches, such that the first and the second
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rechargeable battery cells are connected in series between
the input voltage node and the ground node, and the second
rechargeable battery cell 1s connected between the output
voltage node and the ground node. During the second phase

of the duty cycle, the PMIC enables and/or disables each of 5

the power control switches, such that the first and the second
rechargeable battery cells are connected 1n series between
the input voltage node and the ground node, and the first
rechargeable battery cell 1s connected between the output
voltage node and the ground node. As set out above, the
switched multi-cell battery system may reduce or eliminate
a voltage step-down conversion stage to 1ncrease a power-
transfer efliciency of an electronic device. By doing so,
charging times may be reduced and/or operating times on
one battery charge may be increased, thereby making mobile
clectronic/electrical devices more useful. Further, by appro-
priate choice of the relative durations of the first and second
phases 1t 1s possible to control the proportion of a duty cycle
for which the first battery cell transfers electrical power to
the components of the electronic device and the proportion
of a duty cycle for which the second battery cell transiers
clectrical power to the components of the electronic device.

While features and concepts of the described techniques,
methods, and apparatuses for a switched multi-cell battery
system for electronic devices can be implemented 1n any
number of different environments, systems, devices, and/or
various configurations, aspects of techniques, methods, and
apparatuses for a switched multi-cell battery system {for
clectronic devices are described 1n the context of the fol-
lowing example devices, systems, methods, and configura-
tions.

Example Environment

FIG. 1 illustrates an example environment 100 that
includes an electronic device 102, including a switched
multi-cell battery system 110 (battery system 110). In the
illustrated example environment 100, electrical power may
flow from a power source 120, through a power adapter 130
(e.g., external power adapter), and to the battery system 110

of the electromic device 102. Generally, the power source
120 can be a single-phase 120 Volt (V)-60 Hertz (Hz) outlet

120-1 (e.g., 1n North America), a single-phase 230 V-50 Hz
outlet 120-2 (e.g., 1n Europe), a direct current power source,
and/or a power outlet with more than one phase (e.g., a
two-phase voltage), a different voltage with a different
frequency, and a different outlet-socket type (FIG. 1 1llus-
trates two ol many types of outlet sockets), depending on the
country, state, and/or territory.

The power adapter 130 (e.g., alternating current (AC)
adapter, alternating current to direct current (AC/DC)
adapter, AC/DC converter) derives the voltage and power
required by the electronic device 102 from a power source.
Examples of a power adapter 130 include a wired power
adapter containing an AC/DC converter and a wireless
power transier system (e.g., a Q1 charger). In aspects where
the power source 120 1s a direct current power source, a
power adapter 130 may not be utilized. The power adapter
130 can connect to the electronic device 102 at a connector
116, an example of which 1s illustrated 1n FIG. 2.

The electronic device 102 can be any suitable computing
device or electronic device, including but not limited to, a
smartphone 102-1, a tablet 102-2, a laptop 102-3, a gaming
system 102-4, a smart speaker 102-5, a security camera
102-6, a smart thermostat 102-7, and a desktop computer
102-8. Other devices may also be used, such as home-
service devices, baby monitors, routers, computing watches,
computing glasses, drones, internet-of-things devices, health
monitoring devices, netbooks, e-readers, home automation
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6

and control systems, and other computing devices that
include rechargeable battery cell(s). The electronic device
102 can be wearable, non-wearable but mobile, or relatively
immobile (e.g., computer desktop 102-8).

The electronic device 102 includes the battery system 110
for supplying power to components 104 of the electronic
device 102. The battery system 110 includes a plurality of
rechargeable battery cells 111 (e.g., a first battery cell 112,
a second battery cell 114). As used herein, “rechargeable
battery cells 111” may be defined as any battery capable of
supplying power to the electronic device 102 provided that
the charge within the rechargeable battery cells 111 that
comprise the battery can be restored by applying a voltage
potential across the terminals of the battery. Such cells
include, but are not limited to, Nickel-Cadmium (NiCad),
Nickel-Metal-Hydride (N1MH), Lithium-Ion (Li-Ion), and
Lithium-Polymer based technologies.

In various aspects, the battery system 110 includes a
battery management system 118. The battery management
system 118 connects at each of the battery cells 111 (e.g., the
first battery cell 112 and the second battery cell 114) and
manages the charging and discharging of the battery cells
111. The battery management system 118 may sample
voltage potentials across one or more of the battery cells 111
and provide measurements to the electronic device 102 for
fuel-gauging purposes.

The components 104 of the electronic device 102 include
one or more processor(s) 105, a computer-readable storage
media 106 (CRM 106), a display (not illustrated), and a
transceiver(s) (not illustrated). The processor(s) 105 may
include any type of processor, such as a central processor
unit or a multi-core processor, configured to execute pro-
cessor-executable instructions (e.g., code) stored by the
CRM 106. The CRM 106 may include any suitable memory
or storage device, such as volatile memory (e.g., random-
access memory (RAM)), non-volatile memory (e.g., Flash
memory ), optical media, magnetic media (e.g., disk or tape),
and so forth.

The CRM 106 may store executable instructions for the
power management integrated controller 108 (PMIC 108).
Additionally or alternatively, the PMIC 108 or other power
management entities of the electronic device 102 may be
implemented in a whole or part as hardware logic or an
integrated circuit with or separate from the components 104
of the electronic device 102. Generally, the PMIC 108
controls the switching frequency of power control switches
(not 1illustrated in FIG. 1) that selectively enable and/or
disable the tlow of current 1n parts of the battery system 110,
as described throughout the disclosure.

During charging, electrical power may flow from the
power source 120, through a power adapter 130, to the
battery system 110, and the battery system 110 supplie
energy to (charges) the rechargeable battery cells 111 of the
clectronic device 102. During discharging, electric power
may flow from the battery system 110 (discharges) to power
the components 104 of the electronic device 102.

FIG. 2 illustrates a block diagram of an example envi-
ronment 200, which includes a power adapter 130 coupled
to a connector 116 that electrically connects with a battery
system 110 of an electronic device 102. The output power
(P 1 dapzers DOt 1llustrated) of the power adapter 130 equals the
output voltage (V_;..., 202) of the power adapter 130
multiplied by the output current of the power adapter
Uadaprer 204), as 1s defined i Formula 1.

P = I

adapter adapter L adaprer

(1)
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As 1s demonstrated 1n Formula 1, to increase the power
flow from the power adapter 130 to the battery system 110,
there needs to be an increase mn V _,, ., 202 and/or an
increase n I ;... 204, where V ;... 202 and L, dapter 204
are 1nputs to the battery system 110. In an implementation
where the power adapter 130 supplies V _, .., 202, the
battery system 110 performs a voltage step- “down of the
V pidapier 202 and outputs a lower voltage (V,,,,, 200).
Increasing V. .., 202 translates to a higher voltage-con-
version ratio, from V_, . 202t0 V 206, occurring 1n
the battery system 110.

In a conventional battery charger, however, energy and/or
power-transier efliciency of the battery system 1s mversely
correlated to the voltage-conversion ratio. Ideally, the mnput
power (P,;....,) 10 the battery system needs to equal the
output power (P, ..., not illustrated) of the battery system.
Low power-transfer efliciency in the battery system often
leads to a higher energy loss that, besides wasting energy,
translates 1nto heat 1 the battery system. In terms of
power-transier efliciency, P becomes greater than

P

battery

adapter

baz‘z‘er};
As 1s demonstrated 1n Formula 1, instead of, or in addition

to, increasing V..., 202, increasing P,;,.., may be
accomplished by increasing Ia daprer 204. Nevertheless, the
power adapter 130 may supply power to the battery system
110 through a power connector, such as a universal serial bus
Type-C (USB-C) connector. Thus, one of many limitations
of decreasing the charging time by increasing I ;... 204, 15
the maximum current bus rating of the USB-C connector
(e.g., three (3) Amperes (A), five (5) A).

Instead of a wired power adapter, a user may also use a
wireless power transter (WPT) system (e.g., a (Q1 charger) to
transier power from the power adapter 130 to the battery
system 110. Typical WPT systems, however, do not output
higher power than wired power adapters and may take
longer to charge the rechargeable battery cells 111. There-
tore, increasing I ., .., 204 1s often not feasible regardless ot
the type of power adapter 130 that the user may utilize to
charge the rechargeable battery cells 111 inside the battery
system 110.

To increase the operating time of the electronic device 102
using the same storage capacity of the rechargeable battery
cells 111, the battery system 110 needs to transier power to
the components 104 of the electronic device 102 by not
increasing V, ... 206. Note that the system voltage
(V syszems DOt 1llustrated) 1s lower than V..., 206. There 1s
a positive correlation of energy loss to the voltage conver-
sion ratio from the battery system 110 to the voltage-
conversion from the battery system 110 to the components
104 of the electronic device 102. The components 104 of the
clectronic device 102 perform a DC-to-DC power conver-
sion that down-converts V, ... 206 to a lower voltage
system voltage, V, ., (not 111ustrated in FIG. 2). V

SVSsiemnt

powers the components 104 of the electronic device 102
(e.g.,
processor(s) 105, memory, transceivers, display).

Ideally, to have zero energy loss from the power adapter
130 to the components 104 of the electronic device 102,
power tlow needs to satisty the set of equations 1n Formula

2.

(2)

(P adapter — Y adapter " Iadaprfr
P battery — Vbﬂﬁ‘ff}’ ' Ibaﬁer}?

P system — Vsysrem ] IS}’SI‘E’H‘!

\ P adapter — P battery — P system
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Recapping, there are multiple stages of power conversion,
such as from the power source 120 (illustrated 1n FIG. 1) to
the power adapter 130, from the power adapter 130 to the
battery system 110, and from the battery system 110 to the
components 104 of the electronic device 102. When using a
conventional battery charger, decreasing the voltage-conver-
s10n ratio 1n one stage translates to increasing the voltage-
conversion ratio in another stage. Consequently, a decrease
in energy loss in a first stage by decreasing the voltage-
conversion ratio in the first stage results 1n an increase 1n
energy loss 1n a second stage by increasing the voltage-
conversion ratio 1n the second stage. Therefore, when using
a conventional battery charger, increasing the conversion-
voltage ratio 1n any stage introduces energy loss, often 1n the
form of heat, during charging and/or discharging. To this
end, 1n some aspects, the disclosed apparatuses, methods,
and technmiques for a switched multi-cell battery system
decrease energy loss 1n the battery system without requiring
a higher voltage-conversion ratio from the power adapter
130 to the battery system 110, nor from the battery system
110 to the components 104 of the electronic device 102.
Furthermore, depending on the number of battery cells 111
used 1n the battery system 110, the described battery system
110 can 1ncrease the voltage-conversion ratio from an output
of the power adapter 130 to an output of the battery system
110 and still achieve high power-transfer ethiciency, as
described 1n greater detail below.

Operational Principles of a Switched Multi-Cell Battery
System

FIG. 3A illustrates an example of a switched multi-cell
battery system 300 (battery system 300) comprising a first
battery cell 352 and a second battery cell 354. 1, .., 304
and V..., 302 are current and voltage 1nputs to the battery
system 300, while I, 308 and V... 306 are current
and voltage outputs of the battery system 300. V_, 302
1s the voltage potential across an mput voltage node 340
(node 340) and a ground node 390, while V... 306 1s the
voltage potential across an output voltage node 346 (node
346) and the ground node 390.

The battery system 300 of FIG. 3A includes a first
plurality of power control switches and a second plurality of
power control switches that are used to generate a phase one
(pl) and a phase two (@2) of a voltage and/or current digital
pulse, which can have a duty cycle of (or close) to fifty
percent (50%). As described herein, the duty cycle 1s the
fraction of one period for which the pulse adopts @l. In
aspects, the first and second plurality of power control
switches are field-eflect transistors (FETs). More speciii-
cally, to create ¢l and @2, the battery system 300 of FIG. 3A
uses FET 310 and FET 312 1n the first plurality of power
control switches, and FET 320 and FET 322 in the second
plurality of power control switches.

A power management integrated controller (PMIC) (such
as the PMIC 108 of FIG. 1) utilizes signal 310-1 to control
the switching of FET 310, signal 312-1 to control the
switching of FET 312, signal 320-1 to control the switching
of FET 320, and signal 322-1 to control the switching of
FET 322. Generally, when signals 310-1 and 312-1 are high,
signals 320-1 and 322-1 are low. Alternately, when the
signals 310-1 and 312-1 are low, the signals 320-1 and 322-1
are high. In some aspects, signals 310-1, 312-1, 320-1, and
322-1 enable the battery system 300 of FIG. 3A to create the
¢l and @2 of the 50% duty cycle and/or determine whether
the battery system 300 of FIG. 3A operates i a first
operating state 380 or a second operating state 382.

To generate @1 and @2, the battery system 300 of FIG. 3A
can utilize various types of active circuit elements, such as
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the FETs (310, 312, 320, 322). Examples of active circuit
clements may include an n-type metal-oxide-semiconductor
(-silicon) field-effect transistors (n-MOSFETs), p-type
MOSFETs (p-MOSFETs), a combination of n-MOSFETSs
and p-MOSFETs, or other types of power control switches.
In such a case, the PMIC 108 changes the signals 310-1,
320-1, 312-1, and 322-1 (e.g., polarity inversion) to accom-
modate the type of active circuit elements that are being used
to generate ¢l and 2. Similar modifications may be made
to any electrical design described herein.

The frequency of switching between the first operating
state 380 and the second operating state 382 1n the battery
system 300 may be as low as a few hundred Hertz (Hz) and
1s 1independent from an operating frequency of the power
adapter 130 (llustrated 1n FIG. 1) and an operating ire-
quency of the components 104 (illustrated 1n FIG. 1) of the
clectronic device 102. Compared to a conventional battery
charger that often uses a capacitor to store charge tempo-
rarily, the switching frequency in the battery system 300 1s
considerably lower. A lower switching frequency in the
battery system 300 of FIG. 3A enables a more-eflicient
power transfer from the power adapter 130 to the compo-
nents 104 of the electronic device 102.

A switching period between the first operating state 380
and the second operating state 382 can be varied 1n aspects
of the battery system 300. For example, the switching
frequency can be lowered down to a frequency level 1n
which the components 104 of the electronic device 102
starts sensing the switching frequency 1n the battery system
300. Then, the switching frequency can be increased by a
tew Hz to avoid that frequency point. By so doing, neither
the power adapter 130 nor the components 104 of the
clectronic device 102 sense the battery system 300 switching
between the first operating state 380 and the second oper-
ating state 382.

FIG. 3B illustrates an example block diagram of the first
operating state 380 of the battery system 300 of FIG. 3A,
with the battery cells (e.g., 352, 354) connected 1n series.
When the electronic device 102 1s coupled to the power
adapter 130, the battery system 300 may operate 1n the first
operating state 380 during p that occurs when the first
plurality of power control switches (FET 310, FET 312)
enable tlow of current. The second plurality of power control
switches (FET 320, FET 322) disable flow of current,
causing eclectrical circuit openings at certain parts of the
block diagram in FIG. 3A, as 1s illustrated by comparing
FIG. 3A to FIG. 3B.

As shown, V ;. .., 302 1s the voltage potential across the
input voltage node 340 and the ground node 390 and equals
approximately the voltage potential across FE'T 310, plus the
voltage potential across the first battery cell 352, plus the
voltage potential across FET 312, plus the voltage potential
across the second battery cell 354 (1gnoring routing voltage-
drop). Ve 306 1s the voltage potential across the output
voltage node 346 and the ground node 390 and equals
approximately the voltage potential across the second bat-
tery cell 354 (ignoring routing voltage-drop). Because
roughly 50% of the time the battery cells are in parallel,
excess charge and/or energy 1n one battery cell flows to the
other battery cell(s). Generally, the first battery cell 352 and
the second battery cell 354 measure close to 1dentical
voltage potentials across their positive and negative termi-
nals because the battery cells hold approximately the same
charge during the first operating state 380 and the second
operating state 382. Given that the voltage potential across
cach battery cell 1s considerably larger than voltage poten-
tials across other circuit elements in other parts of the battery
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system 300 of FIG. 3A, 1n some aspects, V ;. ., 302 1s
slightly more than two times larger than V... 306 1n the
battery system 300 that contains two battery cells.

The example environment illustrated in FIG. 3B helps
demonstrate the example battery system 300 during the first
operating state 380, 1n which the battery system 300 can
concurrently transfer power to the battery cells (charging)
and to the components 104 (discharging) of the electronic
device 102 enabling the user to operate the electronic device
102 while charging the electronic device 102. The input
voltage to the components 104, however, equals V..., 306,
not V..., 302. Therefore, the example battery system 300
illustrated 1 FIGS. 3A and 3B has a voltage-conversion
ratio of approximately two (2), which 1s similar to a con-
ventional battery charger, but the described battery system
300 can transier power more efliciently.

FIG. 3C illustrates an example block diagram of the
second operating state 382 of the battery system 300 of FIG.
3A, in which the battery cells are connected in parallel.
Whether the electronic device 102 1s currently coupled to the
power adapter 130 or not, the battery system 300 operates in
the second operating state 382 during @2 that occurs when
the second plurality of power control switches (FET 320,
FET 322) enable flow of current, while the first plurality of
power control switches (FE'T 310, FET 312) disable flow of
current, creating electrical circuit openings in certain parts
the battery system 300 of FIG. 3A, which may be apparent
when comparing FIG. 3A to FIG. 3C.

As 1s 1llustrated 1n FIG. 3C, during ¢2 of the battery
system 300 of FIG. 3A, the value ot V ;... 302 1s 1rrelevant
because during the second operating state 382, the power
adapter 130 does not transier electrical power to the battery
system 300. Unlike 1n the first operating state 380 (1llus-
trated 1 FIG. 3B), during the second operating state 382
(1llustrated 1n FIG. 3C), the first battery cell 352 1s connected
in parallel with the second battery cell 354. During the
second operating state 382, the battery cells are connected 1n
parallel, and excess charge 1n the first battery cell 352 flows
to the second battery cell 354. Generally, the stored energy
and/or charge in battery cells are used to transfer electrical
power to the components 104 of the electronic device 102.
In addition to transferring power more eiliciently, using a
plurality of battery cells enables the battery system 300 to
store more energy and/or charge than a conventional battery
charger that contains one battery cell. Thus, compared to a
conventional battery charger, the discharging time increases
due to less energy loss during power transierring and due to
increased energy storage 1n the battery system 300 of FIGS.
3A, 3B, and 3C.

During the first operating state 380 (illustrated 1n FI1G. 3B)
and the second operating state 382 (1llustrated in FIG. 3C),
V pasery, 306 may equal the voltage potential across the
output voltage node 346 and the ground node 390, equaling
approximately halt ot V_, . 302 (illustrated in FIG. 3A
and FIG. 3B). The exact value ot V.., 302 and the exact
value ot V... 306 (illustrated 1n FIG. 3A, FIG. 3B, and
FIG. 3C) may differ depending on the state of charge (SoC)
of the first battery cell 352 and the second battery cell 354.
For example, when the battery cells are fully charged,
V pasery, 300 may be 4.45 V, but when the battery cells are
almost depleted, V, ..,,. 306 may be closer to 3.5 V, because
the value ot V, ..., 306 depends on the voltage potential
across each battery cell. The voltage-conversion ratio
(Vadaprer 302 divided by V... 306), however, remains
approximately the same, regardless of how much energy is
stored 1 the battery cells. Here, note that the voltage
potential example values explain the concept of input and
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output voltage fluctuations and are not intended to limit an
exact operating voltage of the battery system 300.

The illustrated example of the battery system 300 of FIG.
3 A contains two battery cells. In other configurations, how-
ever, the battery system 300 can have more than two battery
cells, which are connected 1n series during the first operating
state 380 and are connected 1n parallel during the second
operating state 382. Therelfore, regardless of how many
battery cells are i the battery system 300, V, ... 306
equals approximately the voltage potential across the termi-
nals of one battery cell (ignoring routing voltage-drop). The
components 104 of the electronic device 102 sense a battery
system 300 that outputs V... 306 approximately equaling
the voltage potential across the terminals of one battery cell.
Alternately, the power adapter 130 senses a battery system
300 that requires an input V.. 302 approximately equal-
ing the number of battery cells multiplied by the voltage
potential across one battery cell (ignoring routing voltage-
drop).

In some aspects, the battery system 300 of FIG. 3A
includes two battery cells (the first battery cell 352 and the
second battery cell 354), and transiers power by satisiying
the set of equations 1n Formula 3.

(3)

(P adapter — Y adapter Iﬂdﬂpl‘ff‘
P battery — Vbﬂﬁf?}ﬁ ' Ibm‘l‘ff}’
3 P adapter — P battery

Vadaprer =2- Vbaﬁery

Ibarrfr}? =2- Iﬂdﬂpl‘ff"

In another configuration, the battery system 300 may
include three battery cells (not illustrated) and a third
plurality of power control switches, such as two additional
FETs (not 111ustrated) transferring power by satisiying the
set of equations 1n Formula 4.

{

(4)

adapter — Y adapter Iﬂdﬂpfff‘

P battery — Vbaﬁffjf ' Ibaﬁery

Ay

P adapter — P battery

Vadaprer =3- Vbﬂﬁf?‘}’

Ibarremf =3- Iadaprfr

Therefore, 11 the battery system 300 contains N battery
cells (not illustrated), and a fourth, a fifth, . . ., and an N-th
plurality of power control switches (not illustrated), the
battery system 300 transiers power by satisiying the set of
equations 1 Formula 3. Note that the battery system 300
contaiming N battery cells may contain 2N power control
switches.

(3)

(P adapter — Y adapter Iadaprfr

P battery — Vbﬂﬁf?}ﬁ ' Ibm‘l‘fr}’

..

P adapter — P battery

Vadaprfr =N- Vbal‘l‘f.?}’

{ battery — N-1 adapter

Use of Discharging Power Control Switches
FI1G. 4A illustrates an example switched multi-cell battery
system 400 (battery system 400) that can operate in a first
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operating state 480 and a second operating state 482.
Throughout this disclosure, an operating state may be ret-
erenced or labeled with a suflix of —80 for a first operating
state or —82 for a second operating state. Generally, the
battery system 400 of FIG. 4A utilizes discharging power
control switches to protect the battery cells.

Similar to the example in FI1G. 3 A, the battery system 400
in FIG. 4A includes a first battery cell 452 and a second
battery cell 454 that are protected using discharging power
control switches (discharging FETs 430, 432, and 434). The
discharging FE'T 430 15 coupled between node 442 and node
448, the discharging FET 432 1s coupled between an output
voltage node 446 (node 446) and node 449, and the dis-
charging FET 434 1s also coupled between node 446 and
node 449. The discharging FET 434 may help with imped-
ance matching, which will become clearer in subsequent
descriptions. Signals 430-1, 432-1, and 434-1, may turn on
or activate the illustrated discharging FE'Ts 430, 432, and
434, respectively. Unlike the signals that control the switch-
ing of FETs 410, 412, 420, and 422, the signals 430-1,
432-1, and 434-1, may not transition or switch between @l
and @2 of the operating stages.

Similar to the battery system 300 of FIG. 3A, the battery
system 400 of FIG. 4A uses four FETs (e.g., FET 410, FET
412, FET 420, and FET 422) to generate ¢l and ¢2 that
enable the battery system 400 to switch between the first
operating state 480 and the second operating state 482.

FIG. 4B 1llustrates an example block diagram of the first
operating state 480 of the battery system 400 of FIG. 4A,
with the battery cells connected 1n series, and the battery
system 400 utilizing discharging power control switches
(c1scharging FET 430, discharging FET 432, discharging
FET 434) to protect the battery cells 1n case of a short circuit.
When the electronic device 102 (see FIG. 1) 1s currently
coupled to the power adapter 130 (see FIG. 1), the battery
system 400 may operate 1n the first operating state 480
during @1 that occurs when a first plurality of power control
switches (FET 410, FET 412) enable flow of current, while
a second plurality of power control switches (FET 420, FET
422) disable flow of current, causing openings at certain
parts of the block diagram in FIG. 4A, which may be
apparent by comparing FIG. 4A to FIG. 4B.

In some cases, the discharging FETs 430, 432, and 434
protect the battery cells 1n the event of a short circuit
between an 1mput voltage node 440 (node 440) and a ground
node 490 (node 490). Thus, discharging FET 434 oflers
double protection 1n case of a short circuit between the
output voltage node 446 (node 446) and the ground node
490. Alternately or additionally, discharging FETs 430, 432,
and 434, may disable the flow of current 1n high-current
conditions, as 1s 1n the case of a short circuit.

FIG. 4C illustrates an example block diagram of the
second operating state 482 of the battery system 400 of FIG.
4 A, with the first battery cell 452 and the second battery cell
454 connected in parallel. As 1n FIGS. 4A and 4B, the
battery system 400 of FIG. 4C utilizes discharging power
control switches (discharging FET 430, discharging FET
432, and discharging FET 434) to protect the battery cells 1n
case ol a short circuit. The second operating state 482 1n
FIG. 4C functions similar to the second operating state 382
described in FIG. 3C. As the first battery cell 4352 1is
connected in parallel to the second battery cell 454, V...
406 may equal the voltage across the output voltage node
446 (node 446) and the ground node 490. Generally, the
voltage across the output voltage node 446 (node 446) to the
ground node 390 equals the voltage across FE'T 420, plus the
voltage across the discharging FET 430, plus the voltage
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across the first battery cell 452, plus the voltage across FET
422 (ignoring routing voltage-drop). Additionally, V, ...
406 generally equals the voltage across the output voltage
node 446 (node 446) to the ground node 490 that equals the
voltage across discharging FET 432, plus the voltage across
the second battery cell 454, plus the voltage across the
impedance-matching discharging FE'T 434. The impedance-
matching discharging FET 434 may serve a dual purpose; it
offers double protection to the second battery cell 114 1n the
event of a short circuit, and 1t can provide impedance
matching during the second operating state 382. Alternately
or additionally, instead of solely utilizing the discharging
FET 434 to achieve impedance matching during the second
operating state 482, the battery system 400 can be modified
by adding a resistive passive circuit element (not 1llustrated)
to achieve impedance matching.

As shown, the examples of the battery system 300
described i FIGS. 3A and 3B, and the battery system 400
described 1n FIG. 4A and FIG. 4B, the battery cells are
connected in series during the first operating state (380 1n
FIG. 3A and FIG. 3B, 480 1n FIG. 4A and FIG. 4B). In this
state, the first battery cell (352 in FIG. 3A and FIG. 3B, 452
in FIG. 4A and FIG. 4B) 1s on the top (closest to the mput
voltage node), and the second battery cell (354 1n FIG. 3A
and FIG. 3B, 454 in FIG. 4A and FIG. 4B) 1s on the bottom
(closest to the ground node). The examples of the battery
system 300 described i FIG. 3, and the battery system 400
described 1n FIG. 4, over a lifetime of usage, may unequally
use each battery cell due to a different voltage in a respective
positive terminal. Also, during the first operating state (380
in FIG. 3A and FIG. 3B, 480 1n FIG. 4A and FIG. 4B), the
current from the power adapter 130, I, 304 and/or
I daprer 404, lows through the first battery cell (352 1n FIG.
3A and FIG. 3B, 452 1n FIG. 4A and FIG. 4B) to the second
battery cell (354 1n FI1G. 3A and FIG. 3B, 454 1n FIG. 4A and
FIG. 4B).

A Balanced Switched Multi-Cell Battery System

FIG. 5A illustrates a block diagram of an example of a
balanced switched multi-cell battery system 300 (battery
system 500) including a first battery cell 552 and a second
battery cell 554. The battery system 500 of FIG. 5A operates
in a first operating state 580 and a second operating state
582. The battery system 500 of FIG. 5A may also utilize
discharging power control switches (discharging FET 530,
and discharging FET 532) to protect the battery cells. In this
example, the battery system 500 of FIG. 5 uses four FETs 1n
a first plurality of power control switches and four FETs 1n
a second plurality of power control switches to generate ¢l
and 2.

The battery system 500 has an mnput voltage node 540, an
output voltage node 546, and a ground node 590, and a {first
rechargeable battery cell 352 with a positive terminal and a
negative terminal and a second rechargeable battery cell 554
with a positive terminal and a negative terminal. The system
500 further includes current control switches comprising at
least: a first current control switch 510 having a gate
terminal, a first channel terminal coupled to the input voltage
node 540, and a second channel terminal coupled (in this
example via a discharging FET 530) to the positive terminal
of the first rechargeable battery cell 552; a second current
control switch 522 having a gate terminal, a first channel
terminal coupled to the second channel terminal of the first
current control switch 510, and a second channel terminal
coupled to the output voltage node 346; and third and fourth
current control switches 514, 326 coupled between the
second channel terminal of the second current control switch
and the ground node 590. In this example the third and
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fourth current control switches are coupled in series with
one another, with the third current control switch 514 having
a gate terminal, a first channel terminal coupled to the
second channel terminal of the second current control switch
522, and a second channel terminal and the fourth current
control switch 526 having a gate terminal, a first channel
terminal coupled to the second channel terminal of the third
current control switch 514, and a second channel terminal
coupled to the ground node 579. The system further
includes: a fifth current control switch 520 having a gate
terminal, a first channel terminal coupled to the input voltage
node 540, and a second channel terminal coupled (in this
example via a discharging FET 3532) to the positive terminal
of the second rechargeable battery cell 554; a sixth current
control switch 512 having a gate terminal, a first channel
terminal coupled to the second channel terminal of the fifth
current control switch 520, and a second channel terminal
coupled to the output voltage node 546; and seventh and
cighth current control switches 524, 516 coupled between
the second channel terminal of the sixth current control
switch and the ground node 590. In this example the seventh
and eighth current control switches are coupled 1n series
with one another, with the seventh current control switch
524 having a gate terminal, a first channel terminal coupled
to the second channel terminal of the sixth current control
switch 524, and a second channel terminal, and the eighth
current control switch 516 having a gate terminal, a first
channel terminal coupled to the second channel terminal of
the seventh current control switch 524, and a second channel
terminal coupled to the ground node 590. (In modified
versions, one or both of the discharging FETs 330, 5332 may
be omitted or replaced by a passive circuit element as
described above.)

In the first plurality of power control switches, the battery
system 500 of FIG. 5 uses FETs (e.g., n-MOSFETs) 310,
512, 514, and 516. In the second plurality of power control
switches, the battery system 3500 of FIG. 5 uses FETs (e.g.,
n-MOSFETs) 520, 522, 524, and 526. To generate ¢l and
¢2, the PMIC 108 (FIG. 1) turns on and ofl the first plurality
of power control switches of FIG. 5A using signals 510-1,
512-1, 514-1, and 516-1, and the PMIC 108 turns on and off
the second plurality of power control switches of FIG. SA
using signals 520-1, 522-1, 524-1, and 526-1. For example,
when the signals 510-1, 512-1, 514-1, and 516-1 are high,
the signals 520-1, 522-1, 524-1, and 526-1 are low and vice
versa. Alternately, when the signals 510-1, 512-1, 514-1, and
516-1 are low, the signals 520-1, 522-1, 524-1, and 526-1 are
high. Signals 530-1 and 532-1 may turn on or activate the
illustrated discharging FETs 530, 532, respectively. Unlike
the signals that control the switching of FETs 510, 512, 514,
516, 520,522, 524 and 526, the signals 530-1 and 532-1 may
not transition or switch between ¢l and @2 of operating
stage so that the discharging FE'Ts 530, 532 may be closed
in both the first operating state 580 (FIG. 5B) and the second
operating state 582 (FIG. 5C).

When the power adapter 130 (FIG. 1) 1s coupled to the
clectronic device 102 (FIG. 1), during 1, the battery system
500 of FIG. 5A operates 1n the first operating state 580 by
charging the first battery cell 552 and the second battery cell
554 and by discharging the second battery cell 554. Alter-
nately, during ¢2, the battery system 300 of FIG. SA
operates 1n the second operating state 582 by charging the
first battery cell 552 and the second battery cell 554 and by
discharging the first battery cell 352. Thus, the battery
system 500 of FIG. 5 alternates which battery cell transfers
clectrical power (discharges) to the components 104 of the
clectronic device 102 depending on whether the battery
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system 500 of FIG. 5A 1s operating 1n the first operating state
580 or 1n the second operating state 582. Thus, by appro-
priate choice of @l and @2 1t 1s possible to control the
proportion of time for which the first battery cell 552
transiers electrical power to the components 104 of the
clectronic device 102 and the proportion of time for which
the second battery cell 554 transfers electrical power to the
components 104 of the electronic device 102. As one non-
limiting example, 11 ¢1 and ¢2 are chosen to provide a 50%
duty ratio, each of the first battery cell 552 and the second
battery cell 554 transiers electrical power to the components
104 of the electronic device 102 for 50% of the time.

In some aspects, discharging FET 530 and discharging
FET 532 provide short-circuit protection 1n the event that the
first and second plurality of power control switches that
generate ¢l and @2 fail at the same time. For example,
discharging FE'T 530 and/or discharging FE'T 532 open the
circuit during a high-current condition, protecting the bat-
tery system 500 of FIG. 5A, the first battery cell 552, the
second battery cell 554, and the electronic device 102.

FIG. 5B illustrates an example block diagram of the first
operating state 580 of the battery system 3500 of FIG. 5A.
During the first operating state 580, signals 510-1, 512-1,
514-1, and 516-1 turn on the first plurality of power control
switches (FETs 510, 512, 514, and 516). Alternately, during
the first operatmg state 580, signals 520-1, 522-1, 524-1, and
526-1 turn ofl the second plurality of power control sw1tches
(FETs 520, 522, 524, and 526), creating circuit openings 1n
certain parts of the battery system 500, which may be
apparent by comparing FIG. 5A to FIG. 5B.

Generally, when the power adapter 130 1s coupled to the
clectronic device 102, during the first operating state 580,
the power adapter 130 transiers electrical power to the first
battery cell 352, the second battery cell 554, and the com-
ponents 104 of the electronic device 102, concurrently.
lpiapier S04 enters an output voltage node 546 (node 546),
through the first battery cell 352, and exits the output voltage
node 546 (node 546) satistying Kirchhofl s Current Law
(KCL), as 1s illustrated in Formula 6:

(6)

where 1554 (not 1llustrated) stands for the current exiting the
output voltage node 546 (node 546) and going into the
second battery cell 554.

In this example, V ;. ., 502 1s the voltage potential
across an input voltage node (node 3540) and a ground node
590 and equals approximately the voltage potential across
FET 3510, plus the voltage potential across the discharging
FET 330, plus the voltage potential across the first battery
cell 5352, plus the voltage potential across FET 514, plus the
voltage potential across FET 512, plus the voltage potential
across the discharging FET 532, plus the voltage potential
across the second battery cell 534, plus the voltage potential
across FE'T 516 (1ignoring routing voltage-drop).

When the power adapter 130 1s not coupled to the
clectronic device 102, there 1s no current flow from the
poOwer adapter 130 to the battery system 500 of FIG. 5
(Lpdaprer 404 18 zero). Thus, when the power adapter 130 1s
not coupled to the electronic device 102, during the first
operating state 380, the battery system 300 of FIG. 5
transiers energy stored 1n the second battery cell 554 into the
components 104 of the electronic device 102 that are
coupled to the output voltage node. Alternatively, the power
management itegrated controller (PMIC 108) can be con-
figured to discharge the first (352) and the second (554)
battery cells 1s parallel by turning on FETs 522, 526, 512,
and 3516 (not illustrated).

{ adapter =1 E:-a::ery"'f 554
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Regardless of whether the power adapter 130 1s coupled
or not coupled to the electronic device 102, during the first
operating state 580, V, ... 506 1s the voltage potential
across the output voltage node 546 (node 546) and the
ground node 590 and equals approximately the voltage
potential across FET 512, plus the voltage potential across
the discharging FET 532, plus the voltage potential across
the second battery cell 534, plus the voltage potential across
FET 516 (ignoring routing voltage-drop). Therelore,
whether the power adapter 130 1s coupled or not coupled to
the electronic device 102, V, ..., 506 changes only by a
change in the voltage potential across the second battery cell
554. Recall that one reason for the change in the voltage
potential across a battery cell may be due to the amount of
charge stored in the battery cell (e.g., fully charged, fully
depleted, partially charged).

FIG. 5C illustrates an example block diagram of the
second operating state 582 of the battery system 500 of FIG.
5A. During the second operating state 382, signals 520-1,
522-1, 524-1, and 526-1 turn on the second plurality of
power control switches (FETs 520, 522, 524, and 526).
Alternately, still during the second operating state 582,
signals 510-1, 512-1, 514-1, and 516-1 turn ofl the first
plurality of power control switches (FETs 510,512, 514, and
516), creating circuit openings 1n certain parts of the battery
system 500, as 1s 1llustrated by comparing FIG. 5A to FIG.
5C.

When the power adapter 130 1s coupled to the electronic
device 102, during the second operating state 582, the power
adapter 130 transiers electrical power to the first battery cell
552, the second battery cell 554, and the components 104 of
the electronic device 102, concurrently Lodapier S04 enters
the output voltage node 546 (node 546), through the second
battery cell 554, and exits the output Voltage node 546 (node
546) satistying KCL, as 1s illustrated in Formula 7/:

(7)

where 1., (not i1llustrated) stands for the current exiting the
output voltage node 546 (node 546) and going into the first
battery cell 552.

When the power adapter 130 1s coupled to the electronic
device 102, recall that, during the first operating state 580
(FIG. 8B), 1,4, ,:.- 504 goes 1nto the first battery cell 352. In
contrast, during the second operating state 582 (FIG. 5C),
Lodapier 304 goes 1nto the second battery cell 554.

Generally, V..., 502 1s the voltage potential across the
input voltage node 540 (node 540) to the ground node 590
and equals approximately the voltage potential across FET
520, plus the voltage potential across the discharging FET
532, plus the voltage potential across second battery cell
554, plus the voltage potential across the discharging FET
524, plus the voltage potential across FET 3522, plus the
voltage potential across the discharging FET 530, plus the
voltage potential across the first battery cell 552, plus the
voltage potential across FET 526 (1gnoring routing voltage-
drop).

Vpastery 206 18 the voltage potential across the output
voltage node 546 (node 546) and the ground node 590 and
equals approximately the voltage potential across FET 522,
plus the voltage potential across the discharging FET 530,
plus the voltage potential across the first battery cell 552,
plus the voltage potential across FE'T 526 (ignoring routing
voltage-drop).

Therefore, the battery system 300 of FIGS. 5A, 3B, and
5C, over time exposes each battery cell to the same voltages
and the same currents. In addition, the battery system 500 of

FIGS. SA, 5B, and 5C automatically balances the charge

{ adapter =1, E?czrrerj;_l_‘r 552
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between the first battery cell 552 and the second battery cell
554. Also, over time, after multiple battery charging and
depleting cycles, the battery system 300 in FIGS. 5A, 5B,
and SC degrades the battery cells equally.

Although not illustrated, the battery system 500 of FIGS.
5A, 5B, and 5C may include more than two battery cells. For
example, the battery system 500 may include a third battery
cell (not illustrated) and a third plurality of power control
switches (not illustrated, e.g., implemented with a same
topology as shown with respect to cell 1 or cell 2). The third
plurality of power control switches allows the battery system
500 to operate 1n a third operating state (not illustrated) and,
overtime, automatically balances the charge between the
first battery cell 552 and the second battery cell 554 and the
third battery cell (not illustrated). Note that the battery
system 3500 containing three battery cells may contain
twelve power control switches. Similarly, a battery system
500 containing N battery cells may contain 4N power
control switches.

FIG. 6A 1llustrates a block diagram of an example regu-
lated power adapter 660 coupled to a balanced switched
multi-cell battery system 600 (battery system 600). The
balanced battery system 600 1s similar to the balanced
battery system 500 of FIG. 5A, and detailed description of
the balanced battery system will not be repeated here. The
voltage potential of the input voltage node 540 1s V..,
602. The voltage potential of the output voltage node 546 1s
Vpamery 006. The voltage petential inside the components
104 of the electronic device 102 1s V 607. Between a

SVstem

battery FET 674 (BattFET 674) and an inductance 676 (L)

a power conversion occurs from V, ... 608 to V_ . 607
in the components 104. Also, between the components 104
and the regulated power adapter 660 are coupled a front-
porch FET 670 (FPF 670), a power control switch 672 (FET
672), and a power control switch 678 (FET 678), as 1s
illustrated 1n FIG. 6A.

In some aspects, the regulated power adapter 660 may
supply a high enough voltage to charge the battery cells
when they are connected in series. The battery system 600
in FIG. 6 A works as intended (similar to FIG. 5A) when the
user utilizes the regulated power adapter 660 to charge the
clectronic device 102. Therefore, the battery system 600
works as intended with numerous power adapters that can
supply the proper voltage level. Although not 1llustrated, the
battery system 600 in FIG. 6A functions as intended in the
first operating state 580 (see FIG. 5B) and the second
operating state 382 (see FIG. 5C).

FIG. 6B illustrates a block diagram of an example legacy
power adapter 680 coupled to the battery system 600, similar
to the battery system 500 of FIG. SA. The voltage potential
of the input voltage node 540 1s V.., 602. The voltage
potential of the output voltage node 546 1s V... 606. The

voltage potential inside the components 104 of the electronic
device 102 1s V 607. Between a battery FET 674

SVsiemn
(BattFET 674) anJ(i an mnductance 676 (L) occurs a power
conversion from V, ... 608 to V_ . 607 in the compo-
nents 104. Also, between the components 104 and the
regulated power adapter 660 are coupled a front-porch FET
670 (FPF 670), a power control switch 672 (FET 672), and

a power control switch 678 (FET 678), as 1s illustrated 1n
FIG. 6A.

The legacy power adapter 680, however, may only supply
5V, and the voltage potential across the terminals of each
battery cell (first battery cell 552 and second battery cell
554) may be 4.5 V. In this case, the legacy power adapter 680
cannot supply a high enough voltage potential to charge the
battery cells if they are connected in series. The user,
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however, can still use the legacy power adapter 680 to
charge the battery system 600 of the electronic device 102.
The PMIC 108 (FIG. 1) configures the battery system 600 by
coupling the battery cells 1n parallel during @1 and ¢2. FET
526 and FET 516 enable the flow of current during @1 and
Q2.

FIG. 7 illustrates a block diagram of an example of a
balanced switched multi-cell battery system 700 (battery
system 700) including a battery management system 770
(BMS 770). The battery system 700 of FIG. 7 operates
similarly to the battery system 500 1llustrated 1mn FIGS. 5A,
5B, and 5C, operating 1n a {irst operating state 780 and a
second operating state 782. In addition to the descriptions 1n
FIGS. SA, 5B, and 5C, by using the BMS 770, the battery
system 700 of FIG. 7 can monitor the energy and/or the
charge stored in each battery cell and can mitigate the effects
of a floating ground node 790 (ground node 790).

Generally, 1n electrical circuits a ground can be relative or
different between various components or power rails. In
some aspects, voltages 1n an 1solated electrical component
may reference a local ground. For example, the main appa-
ratuses 1n FIG. 2, such as the power adapter 130, the battery
system 110, and the components 104 of the electronic device
102, have their own local grounds. In the battery system 700
of FIG. 7, the ground node 790 can be considered a floating
ground as the battery system 700 switches between @l and
@2, or between the first operating state 780 and the second
operating state 782. Thus, besides monitoring and reporting,
the energy and/or the charge stored 1n each battery cell, the
BMS 770, can also mitigate the eflfects of the floating greund
node 790.

In various aspects, the BMS 770 utilizes operational
amplifiers (op-amps), including a first op-amp 774 and a
second op-amp 776, to generate two voltage potentials, V
and V,, that reference the same ground node 790, as 1is
illustrated 1n FIG. 7. An operational amplifier 1s a Veltage
amplifier with a differential input that produces an output
potential. V_ and V, are inputs to a multiplexer 772 (mux
772) that, depending on the value of a select (SEL) signal to
the mux 772, supplies two voltage potentials to a third
op-amp 778 that outputs a voltage potential V _.

The SEL signal to the mux 772 1s zero (0) during ¢1, or
during the first operating state 780, satistying the set of
conditions and/or equations in Formula 8:

( SEL =10
Ve=Vo—Vp
Vo = Vis2 + Visg
Vi = Vg
Ve = Vis2

(8)

..

where V.., stands for the voltage potential across the first
battery cell 752, V., stands for the voltage potential across
the second battery cell 754, and V _ stands for the output of
the BMS 770.

The SEL signal to the mux 772 1s one (1) during @2, or
during the second operating state 782, satistying the set of

conditions and/or equations in Formula 9:

( SEL =1
V.=V, -V,
Vi

(9)

= V7352 + V754
Ve = Viso
Ve = Visg.

..
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Generally, the BMS 770 may sample the voltages across
the first battery cell 752 and across the second battery cell
754 and sends the V., and V.., values of to the components
104 of the electronic device 102 for fuel-gauging purposes.
These values of V.., and V,., are also useful to notity the 5
user on the charging status of the battery system 110 (e.g.,
30% battery charge, low battery, and so forth). When one
battery cell has more charge compared to the other battery
cell(s), then the battery cell having more charge 1s used
longer during discharging until it measures the same voltage 10
potential as the other battery cell(s). When the battery cells
have approximately the same amount of stored charge then,
the battery system 700 of FIG. 7 alternates the charging
and/or discharging of the battery cells.

Example Methods 15

An example method 800 1s described with reference to
FIG. 8 1 accordance with one or more aspects of managing
a switched multi-cell battery system. Generally, any of the
components, modules, methods, and operations described
herein can be implemented using soiftware, firmware, hard- 20
ware (e.g., fixed logic circuitry), manual processing, or any
combination thereol. Some operations of the example meth-
ods may be described 1n the general context of executable
istructions stored on computer-readable storage memory
that 1s local and/or remote to a computer processing system, 25
and implementations can include software applications, pro-
grams, functions, and the like. Alternatively, or 1n addition,
any of the functionality described herein can be performed,
at least 1n part, by one or more hardware logic components,
such as, and without limitation, Field-Programmable Gate 30
Arrays (FPGAs), Application-Specific Integrated Circuits
(ASICs), Application-Specific Standard Products (ASSPs),
System-on-a-Chip systems (SoCs), Complex Programmable
Logic Devices (CPLDs), and the like.

FIG. 8 depicts example method 800 for managing a 35
switched multi-cell battery system (e.g., 300, 700). Method
800 1llustrates sets of operations (or acts) performed 1n, but
not necessarily limited to, the order or combinations in
which the operations are shown herein. Further, any of one
or more ol the operations may be repeated, combined, 40
reorganized, skipped, or linked to provide a wide array of
additional and/or alternate methods. The techniques
described in this specification are not limited to performance
by one entity or multiple entities operating on one device.

At 802, during 1, each of the first plurality of power 45
control switches (e.g., 510, 710, 512, 712, 514, 714, 516,
716) are closed to enable flow of current and each of the

second plurality of power control switches (e.g., 520, 720,
522,722, 524, 724, 526, 726) arc opened to disable tlow of

current. 50

At 804, during 1, a first operating state (e.g., 580, 780,
880) 1s established, and electrical power from a power
adapter 130 charges a first battery cell (e.g., 552, 752) and
a second battery cell (e.g., 554, 754), and charge stored 1n
the second battery cell (e.g., 554, 754) tlows to components 55
104 of an electronic device 102.

At 806, during @2, each of the second plurality of power
control switches (e.g., 520, 720, 522, 722, 524, 724, 526,
726) 15 closed to enable flow of current and each of the first
plurality of power control switches 1s opened (e.g., 510, 710, 650
512, 712, 514, 714, 516, 716) to disable tlow of current.

At 808, during @2, a second operating state 1s established
(c.g., 5382, 782, 882), and electrical power from a power
adapter 130 charges the second battery cell (e.g., 554, 754)
and the first battery cell (e.g., 352, 752), and charge stored 65
in the first battery cell (e.g., 352, 752) flows to the compo-
nents 104 of the electronic device 102.

20

FIG. 9 depicts example method 900 for utilizing the
battery management system 770 (BMS 770) of the balanced
switched multi-cell battery system 700 (battery system 700).
Method 900 1llustrates sets of operations (or acts) performed
in, but not necessarily limited to, the order or combinations
in which the operations are shown herein. Further, any of
one or more ol the operations may be repeated, combined,
reorganized, skipped, or linked to provide a wide array of
additional and/or alternate methods. The techniques
described 1n this specification are not limited to performance
by one entity or multiple entities operating on one device.

At 902, the BMS 770 compares the amount of charge
stored 1n the first rechargeable battery cell (e.g., 752) to the
amount of charge stored in the second rechargeable battery
cell (e.g., 754).

At 904, a power management integrated controller 108
(FI1G. 1) selects the first (e.g., 780) or the second (e.g., 782)

operating state depending on which battery cell has a higher
amount of charge stored.

At 906, current from the rechargeable battery cell with the
higher amount of charge stored 1s discharged to the com-
ponents 104 of the electronic device 102.

At 908, the respective amounts of charge stored 1n the first
and second rechargeable battery cells (e.g., 752, 754) 1is
balanced by operating 1n the operating state (first or second)
that allows for the discharging of the battery cell with the
higher amount of charge stored. For example, 11 the second
battery cell (e.g., 754) has a higher amount of charge stored
than the first battery cell (e.g., 752), then the battery system
700 operates 1n the first operating state (e.g., 780) until there
1s an approximately equal amount of charge stored in the
first (e.g., 752) and second (e.g., 754) battery cells. Alter-
nately, if the first battery cell (e.g., 752) has a higher amount
of charge stored than the second battery cell (e.g., 754), then
the battery system (e.g., 700) operates in the second oper-
ating state (e.g., 782) until there 1s an approximately equal
amount of charge stored 1n the first and second battery cells
(e.g., 752, 754).

Although aspects of switched multi-cell battery systems
for electronic devices have been described in language
specific to features and/or methods, the subject of the
appended claims 1s not necessarily limited to the specific
features or methods described. Rather, the specific features
and methods are disclosed as example implementations of
switched multi-cell battery systems for electronic devices,
and other equivalent features and methods are intended to be
within the scope of the appended claims. Further, various
different aspects are described, and it 1s to be appreciated
that each described aspect can be implemented indepen-
dently or in connection with one or more other described
aspects.

Unless context dictates otherwise, use herein of the word
“or” may be considered use of an “inclusive or,” or a term
that permits 1nclusion or application of one or more items
that are linked by the word “or” (e.g., a phrase “A or B” may
be interpreted as permitting just “A,” as permitting just “B,”
or as permitting both “A” and “B”). Further, items repre-
sented 1 the accompanying figures and terms discussed
herein may be indicative of one or more items or terms, and
thus reference may be made interchangeably to single or
plural forms of the items and terms 1n this written descrip-
tion. Finally, although subject matter has been described in
language specific to structural features or methodological
operations, 1t 15 to be understood that the subject matter
defined 1n the appended claims 1s not necessarily limited to
the specific features or operations described above, 1nclud-




US 11,923,706 B2

21

ing not necessarily being limited to the organizations in
which features are arranged or the orders in which opera-
tions are performed.

The following are additional examples of the described
apparatuses, methods, and techniques for a switched multi- 5
cell battery system for an electronic device.

Example 1. A switched multi-cell battery system for an
clectronic device, the switched multi-cell battery system
comprising: an input voltage node; an output voltage node;
a ground node; a plurality of rechargeable battery cells
comprising at least a first rechargeable battery cell with a
positive terminal and a negative terminal and a second
rechargeable battery cell with a positive terminal and a
negative terminal; and a plurality of power control switches
comprising at least: a first power control switch having a
gate terminal, a first channel terminal coupled to the 1nput
voltage node, and a second channel terminal coupled to the
positive terminal of the first rechargeable battery cell; a
second power control switch having a gate terminal, a first
channel terminal coupled to the second channel terminal of
the first power control switch, and a second channel terminal
coupled to the output voltage node; a third power control
switch having a gate terminal, a first channel terminal
coupled to the second channel terminal of the second power
control switch, and a second channel terminal; a fourth
power control switch having a gate terminal, a first channel
terminal coupled to the second channel terminal of the third
power control switch, and a second channel terminal
coupled to the ground node; a fifth power control switch
having a gate terminal, a first channel terminal coupled to
the mput voltage node, and a second channel terminal
coupled to the positive terminal of the second rechargeable
battery cell; a sixth power control switch having a gate
terminal, a first channel terminal coupled to the second
channel terminal of the fifth power control switch, and a
second channel terminal coupled to the output voltage node;
a seventh power control switch having a gate terminal, a first
channel terminal coupled to the second channel terminal of
the sixth power control switch, and a second channel ter-
minal; and an eighth power control switch having a gate
terminal, a first channel terminal coupled to the second
channel terminal of the seventh power control switch, and a
second channel terminal coupled to the ground node.

Example 2. The switched multi-cell battery system of
example 1, wherein: the first channel terminal of the third 45
power control switch 1s coupled to the output voltage node;
and the second channel terminal of the third power control
switch 1s coupled to the negative terminal of the first
rechargeable battery cell.

Example 3. The switched multi-cell battery system of 50
example 1, wherein: the first channel terminal of the seventh
power control switch 1s coupled to the output voltage node;
and the second channel terminal of the seventh power
control switch 1s coupled to the negative terminal of the
second rechargeable battery cell.

Example 4. The switched multi-cell battery system of
example 1, further comprising a ninth power control switch
having a gate terminal, a first channel terminal coupled to
the positive terminal of the first rechargeable battery cell,
and a second channel terminal coupled to the second channel
terminal of the first power control switch and the first
channel terminal of the second power control switch.

Example 5. The switched multi-cell battery system of
example 4, further comprising a tenth power control switch
having a gate terminal, a first channel terminal coupled to 65
the positive terminal of the second rechargeable battery cell,
and a second channel terminal coupled to the second channel
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terminal of the fifth power control switch and the first
channel terminal of the sixth power control switch.

Example 6. The switched multi-cell battery system of
example 4 or example 5, wherein the ninth power control
switch or the tenth power control switch 1s implemented as
a discharge power control switch to enable or prevent
respective current to discharge from the first rechargeable
battery cell or the second rechargeable battery cell.

Example 7. The switched multi-cell battery system of
example 1, wherein the input voltage node and the output
voltage node of the switched multi-cell battery system
clectrically reference the ground node.

Example 8. The switched multi-cell battery system of
example 1, wherein any of the first power control switch
through the eighth power control switch are implemented as
a transistor, a field-effect transistor (FET), an N-channel
(N-FET), or a P-channel FET (P-FET), an n-type metal-
oxide-semiconductor  (-silicon) field-effect transistor
(n-MOSFET), a p-type MOSFET (p-MOSFET), a bipolar
junction transistor (BJT), a heterojunction bipolar transistor
(HBT), or a junction field-eflect transistor (JFET).

Example 9. The switched multi-cell battery system of
example 1, further comprising a battery management sys-
tem, the battery management system comprising: a first
operational amplifier having a non-inverting input coupled
to the positive terminal of the second rechargeable battery
cell, an mverting mput coupled to the ground node, and an
output coupled to a first mput of a multiplexer; a second
operational amplifier having a non-inverting input coupled
to the positive terminal of the first rechargeable battery cell,
an mverting input coupled to the ground node, and an output
coupled to a second mput of the multiplexer; and a third
operational amplifier having a non-inverting input coupled
to a first output of the multiplexer, an inverting input coupled
to a second output of the multiplexer; and an output coupled
to a power management entity of the electronic device.

Example 9a. The switched multi-cell battery system of
any one ol examples 1 to 9 may further comprise a power
management controller, the power management controller
configured to: during a first phase of a duty cycle, control the
plurality of current control switches effective to (1) couple
the first and second rechargeable battery cells 1n series
between the input voltage node and the ground node and (11)
couple the second rechargeable battery cell between the
output voltage node and the ground node; and during a
second phase of the duty cycle, control the plurality of
current control switches effective to (1) couple the first and
second rechargeable battery cells in series between the input
voltage node and the ground node and (11) couple the first
rechargeable battery cell between the output voltage node
and the ground node.

Example 10. A switched multi-cell battery system for an
clectronic device, the switched multi-cell battery system
comprising: an input voltage node; an output voltage node;
a ground node; a plurality of rechargeable battery cells
comprising at least a first rechargeable battery cell with a
positive terminal and a negative terminal and a second
rechargeable battery cell with a positive terminal and a
negative terminal; a plurality of power control switches
comprising at least: a first power control switch having a
gate terminal, a first channel terminal coupled to the mput
voltage node, and a second channel terminal coupled to the
positive terminal of the first rechargeable battery cell; a
second power control switch having a gate terminal, a first
channel terminal coupled to the second channel terminal of
the first power control switch, and a second channel terminal
coupled to the output voltage node; third and fourth power
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control switches coupled between the second channel ter-
minal of the second power control switch and the ground
node; a fifth power control switch having a gate terminal, a
first channel terminal coupled to the mput voltage node, and
a second channel terminal coupled to the positive terminal of
the second rechargeable battery cell; a sixth power control
switch having a gate terminal, a first channel terminal
coupled to the second channel terminal of the fifth power
control switch, and a second channel terminal coupled to the
output voltage node; seventh and eighth power control
switches coupled between the second channel terminal of
the sixth power control switch and the ground node. The
switched multi-cell battery system of this example may
optionally further include a power management integrated
controller, the power management integrated controller con-
figured to: during a first phase of a duty cycle, control the
plurality of power control switches effective to (1) couple the
first and second rechargeable battery cells in series between
the 1input voltage node and the ground node and (11) couple
the second rechargeable battery cell between the output
voltage node and the ground node; and during a second
phase of the duty cycle, control the plurality of power
control switches eflective to (1) couple the first and second
rechargeable battery cells 1n series between the input voltage
node and the ground node and (1) couple the first recharge-
able battery cell between the output voltage node and the
ground node.

Example 11. The switched multi-cell battery system of
example 10, wheremn: the third power control switch
includes a gate terminal, a first channel terminal coupled to
the second channel terminal of the second power control
switch, and a second channel terminal; the fourth power
control switch includes a gate terminal, a first channel
terminal coupled to the second channel terminal of the third
power control switch, and a second channel terminal
coupled to the ground node; the seventh power control
switch includes a gate terminal, a first channel terminal
coupled to the second channel terminal of the sixth power
control switch, and a second channel terminal; and the
eighth power control switch includes a gate terminal, a first
channel terminal coupled to the second channel terminal of
the seventh power control switch, and a second channel
terminal coupled to the ground node.

Example 12. The switched multi-cell battery system of
example 10, wherein the mnput voltage node and the output
voltage node of the switched multi-cell battery system
clectrically reference the ground node.

Example 13. The switched multi-cell battery system of
example 10, wherein the first phase of the duty cycle
establishes a first operating state in which: when the
switched multi-cell battery system 1s coupled to an external
power adapter, the external power adapter charges the first
and second rechargeable battery cells, and the second
rechargeable battery cell discharges to components of the
clectronic device that are coupled to the output voltage node;
and when the switched multi-cell battery system 1s not
coupled to the external power adapter, the second recharge-
able battery cell discharges to the components of the elec-
tronic device.

Example 14. The switched multi-cell battery system of
example 10, wherein the second phase of the duty cycle
establishes a second operating state in which: when the
switched multi-cell battery system i1s coupled to the external
power adapter, the external power adapter charges the first
and second rechargeable battery cells, and the first recharge-
able battery cell discharges to the components of the elec-
tronic device that are coupled to the output voltage node; and
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when the switched multi-cell battery system 1s not coupled
to the external power adapter, the first rechargeable battery
cell discharges to the components of the electronic device.

Example 15. The switched multi-cell battery system of
example 10, further comprising: a ninth power control
switch having a gate terminal, a first channel terminal
coupled to the positive terminal of the first rechargeable
battery cell, and a second channel terminal coupled to the
second channel terminal of the first power control switch
and the first channel terminal of the second power control
switch; and a tenth power control switch having a gate
terminal, a first channel terminal coupled to the positive
terminal of the second rechargeable battery cell, and a
second channel terminal coupled to the second channel
terminal of the fifth power control switch and the first
channel terminal of the sixth power control switch.

Example 16. The switched multi-cell battery system of
example 10, further comprising a battery management sys-
tem comprising: a lirst operational amplifier configured to
reference the positive terminal of the second rechargeable
battery cell to the ground node to produce a first voltage
potential Va; a second operational amplifier configured to
reference the positive terminal of the first rechargeable
battery cell to the ground node to produce a second voltage
potential Vb; a multiplexer configured to select between the
first voltage potential Va produced by the first operating
amplifier and the second voltage potential Vb produced by
the second operational amplifier to produce a first multi-
plexer output and a second multiplexer output; and a third
operational amplifier configured to reference the first mul-
tiplexer output to the second multiplexer output to produce
a third voltage potential Vc.

Example 17. The switched multi-cell battery system of
example 10, wherein: the plurality of rechargeable battery
cells further comprises a third rechargeable battery cell; the
plurality of power control switches includes at least four
additional power control switches by which the third
rechargeable battery cell 1s coupled to the iput voltage
node, the output voltage node, and the ground node; and the
power management integrated controller 1s further config-
ured to: during the first phase of the duty cycle, control the
plurality of power control switches etlective to (1) couple the
plurality of the rechargeable battery cells 1n series between
the 1nput voltage node and the ground node and (1) couple
the third rechargeable battery cell between the output volt-
age node and the ground node; and during the second phase
of the duty cycle, control the plurality of power control
switches eflective to (1) couple the plurality of the recharge-
able battery cells 1n series between the mput voltage node
and the ground node and (11) couple the first or the second
rechargeable battery cell between the output voltage node
and the ground node.

Example 18. A method for charging and discharging a
switched multi-cell battery system, the method comprising:
closing, based on a first phase of a duty cycle, each of a first
plurality of power control switches to enable tlow of current
as part of establishing a first operating state; opening, based
on the first phase of the duty cycle, each of a second plurality
of power control switches to disable flow of current as part
of establishing the first operating state 1n which: electrical
power from an external power adapter charges a first
rechargeable battery cell and a second rechargeable battery
cell that are connected, by at least one of the first plurality
of power control switches, 1n series between an input voltage
node and a ground node, and charge stored in the second
battery rechargeable cell tlows, through at least one of the
first plurality of power control switches, to components of an
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clectronic device; closing, based on a second phase of the
duty cycle, each of the second plurality of power control
switches to enable tlow of current as part of establishing a
second operating state; opening, based on a second phase of
the duty cycle, each of the first plurality of power control
switches to disable tlow of current as part of establishing the
second operating state 1n which: electrical power from the
external power adapter charges the second rechargeable
battery cell and the first rechargeable battery cell that are
connected, by at least one of the second plurality of power
control switches, 1n series between the mput voltage node
and the ground node, and charge stored in the first recharge-
able battery cell tlows, through at least one of the second
plurality of power control switches, to the components of the
clectronic device.

Example 19. The method of example 18, further com-
prising: comparing, with a battery management system, an
amount of charge stored 1n the first rechargeable battery cell
to an amount of charge stored in the second rechargeable
battery cell; selecting, using a power management integrated
controller, the first operating state or the second operating
state; discharging, to the components ol the electronic
device, the rechargeable battery cell with a higher amount of
charge stored; and balancing the respective amounts of
charge stored in the first rechargeable battery cell and the
second rechargeable battery cell.

Example 20. The method of example 18, wherein estab-
lishing the first operating state and the second operating state
1s elfective to down-convert an input voltage recerved by the
switched multi-cell battery system to an output voltage out
of the switched multi-cell battery system and creating an
input-to-output voltage conversion ratio such that: the input-
to-output voltage conversion ratio 1s approximately equal to
the number rechargeable battery cells 1n a plurality of
rechargeable battery cells; and the plurality of rechargeable
battery cells may comprise two or more rechargeable battery
cells.

What 1s claimed 1s:

1. A switched multi-cell battery system for an electronic
device, the switched multi-cell battery system comprising;

an 1put voltage node;

an output voltage node;

a ground node;

a plurality of rechargeable battery cells comprising at
least a first rechargeable battery cell with a positive
terminal and a negative terminal and a second recharge-
able battery cell with a positive terminal and a negative
terminal; and

a plurality of power control switches comprising at least:
a lirst power control switch having a gate terminal, a

first channel terminal coupled to the mmput voltage
node, and a second channel terminal coupled to the
positive terminal of the first rechargeable battery
cell;

a second power control switch having a gate terminal,
a first channel terminal coupled to the second chan-
nel terminal of the first power control switch, and a
second channel terminal coupled to the output volt-
age node;

a third power control switch having a gate terminal, a
first channel terminal coupled to the second channel
terminal of the second power control switch, and a
second channel terminal;

a Tourth power control switch having a gate terminal, a
first channel terminal coupled to the second channel
terminal of the third power control switch, and a
second channel terminal coupled to the ground node;
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a fifth power control switch having a gate terminal, a
first channel terminal coupled to the mput voltage
node, and a second channel terminal coupled to the
positive terminal of the second rechargeable battery
cell;

a sixth power control switch having a gate terminal, a
first channel terminal coupled to the second channel
terminal of the fifth power control switch, and a
second channel terminal coupled to the output volt-
age node;

a seventh power control switch having a gate terminal,
a first channel terminal coupled to the second chan-
nel terminal of the sixth power control switch, and a
second channel terminal; and

an eighth power control switch having a gate terminal,
a first channel terminal coupled to the second chan-
nel terminal of the seventh power control switch, and
a second channel terminal coupled to the ground
node.

2. The switched multi-cell battery system of claim 1,
wherein:

the first channel terminal of the third power control switch

1s coupled to the output voltage node; and

the second channel terminal of the third power control

switch 1s coupled to the negative terminal of the first

rechargeable battery cell.

3. The switched multi-cell battery system of claim 2,
wherein:

the first channel terminal of the seventh power control

switch 1s coupled to the output voltage node; and

the second channel terminal of the seventh power control

switch 1s coupled to the negative terminal of the second

rechargeable battery cell.

4. The switched multi-cell battery system of claim 3,
further comprising a ninth power control switch having a
gate terminal, a first channel terminal coupled to the positive
terminal of the first rechargeable battery cell, and a second
channel terminal coupled to the second channel terminal of
the first power control switch and the first channel terminal
of the second power control switch.

5. The switched multi-cell battery system of claim 4,
further comprising a tenth power control switch having a
gate terminal, a first channel terminal coupled to the positive
terminal of the second rechargeable battery cell, and a
second channel terminal coupled to the second channel
terminal of the fifth power control switch and the first
channel terminal of the sixth power control switch.

6. The switched multi-cell battery system of claim 3,
wherein the ninth power control switch or the tenth power
control switch 1s implemented as a discharge power control
switch to enable or prevent respective current to discharge
from the first rechargeable battery cell or the second
rechargeable battery cell.

7. The switched multi-cell battery system of claim 1,
wherein the mput voltage node and the output voltage node
of the switched multi-cell battery system electrically refer-
ence the ground node.

8. The switched multi-cell battery system of claim 1,
wherein any of the first power control switch through the
cighth power control switch are implemented as a transistor,
a field-eflect transistor (FE'T), an N-channel FET (N-FET),
or a P-channel FET (P-FET), an n-type metal-oxide-semi-
conductor (-silicon) field-eflect transistor (n-MOSFET), a
p-type MOSFET (p-MOSFET), a bipolar junction transistor
(BJT), a heterojunction bipolar transistor (HB'T), or a junc-
tion field-effect transistor (JEET).
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9. The switched multi-cell battery system of claim 3
turther comprising a battery management system, the battery
management system comprising;:

a first operational amplifier having a non-inverting input

coupled to the positive terminal of the second recharge-
able battery cell, an mverting mput coupled to the

ground node, and an output coupled to a first input of

a multiplexer;

a second operational amplifier having a non-inverting
input coupled to the positive terminal of the first
rechargeable battery cell, an inverting mput coupled to
the ground node, and an output coupled to a second
input of the multiplexer; and

a third operational amplifier having a non-inverting input
coupled to a first output of the multiplexer, an inverting
input coupled to a second output of the multiplexer; and
an output coupled to a power management entity of the
clectronic device.

10. A switched multi-cell battery system for an electronic

device, the switched multi-cell battery system comprising;
an 1mput voltage node;

an output voltage node;

a ground node;

a plurality of rechargeable battery cells comprising at
least a first rechargeable battery cell with a positive
terminal and a negative terminal and a second recharge-
able battery cell with a positive terminal and a negative
terminal;

a plurality of power control switches comprising at least:
a lirst power control switch having a gate terminal, a

first channel terminal coupled to the mmput voltage
node, and a second channel terminal coupled to the
positive terminal of the first rechargeable battery
cell;

a second power control switch having a gate terminal,
a first channel terminal coupled to the second chan-
nel terminal of the first power control switch, and a
second channel terminal coupled to the output volt-
age node;

third and fourth power control switches coupled
between the second channel terminal of the second
power control switch and the ground node;

a fifth power control switch having a gate terminal, a
first channel terminal coupled to the mput voltage
node, and a second channel terminal coupled to the
positive terminal of the second rechargeable battery
cell;

a sixth power control switch having a gate terminal, a
first channel terminal coupled to the second channel
terminal of the fifth power control switch, and a
second channel terminal coupled to the output volt-
age node;

seventh and eighth power control switches coupled
between the second channel terminal of the sixth
power control switch and the ground node; and

a power management integrated controller, the power
management integrated controller configured to:
during a first phase of a duty cycle, control the plurality

of power control switches eflective to (1) couple the
first and second rechargeable battery cells 1n series
between the mput voltage node and the ground node
and (11) couple the second rechargeable battery cell
between the output voltage node and the ground
node; and

during a second phase of the duty cycle, control the
plurality of power control switches eflective to (1)
couple the first and second rechargeable battery cells
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in series between the imput voltage node and the
ground node and (11) couple the first rechargeable
battery cell between the output voltage node and the

ground node.

11. The switched multi-cell battery system of claim 10,
wherein:

the third power control switch includes a gate terminal, a
first channel terminal coupled to the second channel
terminal of the second power control switch, and a
second channel terminal;

the fourth power control switch includes a gate terminal,
a first channel terminal coupled to the second channel
terminal of the third power control switch, and a second
channel terminal coupled to the ground node;

the seventh power control switch includes a gate terminal,
a first channel terminal coupled to the second channel
terminal of the sixth power control switch, and a second
channel terminal; and

the eighth power control switch includes a gate terminal,
a first channel terminal coupled to the second channel
terminal of the seventh power control switch, and a
second channel terminal coupled to the ground node.

12. The switched multi-cell battery system of claim 11,
wherein the mput voltage node and the output voltage node
of the switched multi-cell battery system electrically refer-
ence the ground node.

13. The switched multi-cell battery system of claim 10,
wherein the first phase of the duty cycle establishes a first
operating state 1n which:

when the switched multi-cell battery system 1s coupled to
an external power adapter, the external power adapter
charges the first and second rechargeable battery cells,
and the second rechargeable battery cell discharges to
components of the electronic device that are coupled to
the output voltage node; and

when the switched multi-cell battery system 1s not
coupled to the external power adapter, the second
rechargeable battery cell discharges to the components
of the electronic device.

14. The switched multi-cell battery system of claim 13
wherein the second phase of the duty cycle establishes a
second operating state 1n which:

when the switched multi-cell battery system 1s coupled to
the external power adapter, the external power adapter
charges the first and second rechargeable battery cells,
and the first rechargeable battery cell discharges to the
components of the electronic device that are coupled to
the output voltage node; and

when the switched multi-cell battery system 1s not
coupled to the external power adapter, the {irst
rechargeable battery cell discharges to the components
of the electronic device.

15. The switched multi-cell battery system of claim 11,

further comprising:

a ninth power control switch having a gate terminal, a first
channel terminal coupled to the positive terminal of the
first rechargeable battery cell, and a second channel
terminal coupled to the second channel terminal of the
first power control switch and the first channel terminal
of the second power control switch; and

a tenth power control switch having a gate terminal, a first
channel terminal coupled to the positive terminal of the
second rechargeable battery cell, and a second channel
terminal coupled to the second channel terminal of the
fifth power control switch and the first channel terminal
of the sixth power control switch.
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16. The switched multi-cell battery system of claim 12,
turther comprising a battery management system compris-
ng:

a first operational amplifier configured to reference the
positive terminal of the second rechargeable battery
cell to the ground node to produce a first voltage
potential V ;

a second operational amplifier configured to reference the
positive terminal of the first rechargeable battery cell to
the ground node to produce a second voltage potential

Vs

a multiplexer configured to select between the first volt-
age potential V_ produced by the first operating ampli-
fier and the second voltage potential V, produced by
the second operational amplifier to produce a first
multiplexer output and a second multiplexer output;
and

a third operational amplifier configured to reference the
first multiplexer output to the second multiplexer out-
put to produce a third voltage potential V .

17. The switched multi-cell battery system of claim 16,

wherein:

the plurality of rechargeable battery cells further com-

prises a third rechargeable battery cell;
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the plurality of power control switches includes at least

four additional power control switches by which the

third rechargeable battery cell 1s coupled to the input

voltage node, the output voltage node, and the ground

node; and

the power management integrated controller 1s further

configured to:

during the first phase of the duty cycle, control the
plurality of power control switches eflective to (1)
couple the plurality of the rechargeable battery cells
in series between the mput voltage node and the
ground node and (11) couple the third rechargeable
battery cell between the output voltage node and the
ground node; and

during the second phase of the duty cycle, control the
plurality of power control switches eflective to (1)
couple the plurality of the rechargeable battery cells
in series between the mput voltage node and the
ground node and (11) couple the first or the second
rechargeable battery cell between the output voltage
node and the ground node.
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